Probing the steric barrier of nonionic surfactant vesicles with melittin  by Harvey, Richard D. et al.
Biochimica et Biophysica Acta 1778 (2008) 2081–2090
Contents lists available at ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r.com/ locate /bbamemProbing the steric barrier of nonionic surfactant vesicles with melittin
Richard D. Harvey ⁎, M. Jayne Lawrence, Tam T. Bui
Molecular Biophysics Research Group, Pharmaceutical Sciences Research Division, King's College London, Franklin Wilkins Building, 150 Stamford Street, London SE1 9NH, UKAbbreviations: PEG, polyethylene glycol; EPC, 1,2-Dia
line from egg yolk; DSPC, disteroylphosphatidylcholin
glycero-3-phosphoethanolamine-N-[methoxy(polyethyl
lesterol; 2C18E12, 1,2-di-O-octadecyl-rac-glyceryl-3-(ω-d
polyoxyethylene-2-stearoyl ether; C18E10, polyoxyethyl
polyoxyethylene-20-stearoyl ether; 5(6) carboxyﬂuores
ism; Ri, lipid:peptide ratio
⁎ Corresponding author. Fax: +44 20 7848 4800.
E-mail address: richard.d.harvey@kcl.ac.uk (R.D. Har
0005-2736/$ – see front matter © 2008 Elsevier B.V. Al
doi:10.1016/j.bbamem.2008.04.004a b s t r a c ta r t i c l e i n f oArticle history: The role of the surface poly
Received 19 November 2007
Received in revised form 24 March 2008
Accepted 7 April 2008
Available online 13 April 2008
Keywords:
Niosome
Poly(ethylene glycol)
Drug delivery
Melittin
Membrane perturbation
Molecular packingmer brush of nonionic surfactant vesicles (NSV) in inhibiting interactions with
small membrane-perturbing molecules was investigated using the bee venom peptide melittin as a probe.
The interaction between melittin and NSV was compared with that of distearoylphosphatidylcholine (DSPC)
vesicles and sterically stabilised liposomes (SSL) containing 5 mol% pegylated distearoylphosphatidyletha-
nolamine (DSPE.E44). The degree of melittin interaction with the various vesicles was determined by
measuring peptide binding and folding, using intrinsic tryptophan ﬂuorescence and circular dichroism
respectively, in addition to monitoring the release of encapsulated carboxyﬂuorescein dye. NSV composed of
1,2-di-O-octadecyl-rac-glyceryl-3-(ω-dodecaethylene glycol) (2C18E12) showed a strong afﬁnity for melittin,
whilst exhibiting ~50% less bound peptide than SSL. 2C18E12:Chol vesicles showed reduced melittin
interaction, in a manner consistent with Chol incorporation into DSPC vesicles. These results are discussed
with respect to the effect of Chol on the in-plane order of 2C18E12 bilayers and consequent attenuation of
hydrophobic interactions with the peptide. NSV formed from equimolar mixtures of polyoxyethylene-n-
stearoyl ethers C18E2 and C18E20 showed a greater interaction with melittin than 2C18E12. However, replacing
C18E20 with C18E10 was sufﬁcient to achieve an attenuation of melittin interaction similar to that observed in
2C18E12:Chol vesicles. This indicates that the presence of surface polymer brush alone may confer resistance
to melittin, provided hydrophobic interactions between the peptide and the vesicles can be minimised,
through improved in-plane bilayer order.
© 2008 Elsevier B.V. All rights reserved.1. IntroductionLong-circulating lipid-based vesicles consisting of distearoylpho-
sphatidylcholine (DSPC) with approximately 5 mol% polyethylene
glycol (PEG)-derivatised disteroylphosphatidylethanolamine (DSPE.
MPEG2000 or DSPE.E44), both with and without cholesterol (so-called
sterically stabilised liposomes or SSL), have become well established
as standard vehicles for parenteral drug delivery [1]. Their long-
circulation characteristics, whichwere initially attributed to inhibition
of opsonisation by blood plasma components via PEG-mediated steric
repulsion [2], have in recent years been the subject of some debate
since they have subsequently been discovered to bind signiﬁcant
quantities of plasma proteins and even to activate complement [3,4].
Moreover, in a recent study, SSL were shown to bind an equivalent
amount of plasma protein in vivo, to vesicles composed of approxi-
mately equimolar quantities of DSPC and cholesterol [5]. Nonioniccyl-sn-glycero-3-phosphocho-
e; DSPE.E44, 1,2-Distearoyl-sn-
ene glycol)-2000]; Chol, cho-
odecaethylene glycol); C18E2,
ene-10-stearoyl ether; C18E20,
cein, (CF); CD, circular dichro-
vey).
l rights reserved.surfactants whose headgroups consist of single short polyoxyethylene
chains (10–20 ethylene oxide units) may be expected to form stable
vesicular dispersions (commonly known as niosomes), whose surfaces
are covered by a dense polymer brush [6], provided they satisfy
vesicle-forming criteria (hydrophile–lipophile balance and critical
packing parameter) which determine the inﬂuence of molecular
architecture upon aggregate structure [7,8]. Theoretically, the polymer
brush at the surface of such vesicles would confer a greater degree of
steric shielding than that provided by the lower density of grafted
polymers found on SSL [9], and thus facilitate more effective
resistance to protein binding. However, a high density of PEG chains
creates a high lateral tension between the surfactant molecules [10].
For the aggregates to remain as a lamellar phase, the packing stresses
between adjacent PEG chains must be relaxed, possibly via the
protrusion of surfactant molecules out of the bilayer plane, resulting in
an increase in bilayer disorder and a decrease in hydrophobic layer
thickness [11]. Neutron reﬂectivity studies of monolayers formed at
the air–water interface by both monoalkyl and dialkyl polyoxyethy-
lene ethers exhibit a high degree of disorder with signiﬁcant
intermixing between headgroup and hydrophobe [12,13]. These
observations may be extrapolated to explain the observed low levels
of entrapment of aqueous soluble material within vesicles formed
from such surfactants [8,14,15], which may thus be attributed to a
disordered state of the bilayer, leading to a high degree of perme-
ability [16,17]. For the dialkyl polyoxyethylene ether 2C18E12,
Table 1
Surfactant hydrophile–lipophile balance (HLB) values together with the molecular
parameters (see Methods and materials section for details), required for calculation of
the critical packing parameter (CPP)
Surfactant Mw HLB Vh (Å3) A0 (Å2) lh (Å) CPP
2C18E12 1138 9.27 1028 52.04 24.27 0.81
C18E2 358 4.92 514 36.44 24.27 0.58
C18E10 710 12.39 514 48.92 24.27 0.43
C18E20 1150 15.30 514 64.52 24.27 0.33
C18E2:C18E10 543 8.65 – – – 0.51
C18E2:C18E20 754 9.95 – – – 0.46
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problem of surfactant molecule disorder in bilayers [16], which is
probably also the mechanism by which it increases the entrapment
efﬁciency of monoalkyl polyoxyethylene ether vesicles [8,15]. Despite
the need for the addition of cholesterol, such vesicles, by virtue of
their dense pegylated surface and stabilised bilayer, may yet prove to
be effective long-circulating drug carriers.
The question of whether or not the surfaces of polyoxyethylene
nonionic surfactant vesicles could better resist interaction with blood
components than those of long-circulating lipid vesicles has so far not
been addressed. This study takes its cue from the supposition that
small membrane-destabilising blood plasma components such as
fatty acids, lysolecithins and amphiphilic peptides have unhindered
access to the surface of pegylated lipid vesicles [18]. To this end we
have used the membrane-active 26 amino acid bee venom peptide
melittin [19] as a model plasma amphiphile, to probe the effectiveness
of the steric barrier of nonionic surfactant vesicles, since its bilayer
interaction and destabilising effects may be easily followed using a
variety of optical spectroscopic techniques [20,21]. Indeed, Rex et al.
[22] used melittin as a model complement protein, showing through
the use of IR and ﬂuorescence spectroscopies that it readily bound to
SSL and inducedmaximal leakage of the vesicles aqueous contents at a
lipid:peptide molar ratio (Ri) of 100. The attraction of melittin for the
SSL was chieﬂy attributed to electrostatic interactions between the
cationic peptide and the vesicles whose surfaces were made anionic
by the charged phosphate present in DSPE.E44 [22]. The use of melittin
to study its interactionwith nonionic surfactant vesicles as a means of
comparison with SSL may at ﬁrst glance, therefore, seem to be an
unfair analogy. However, melittin has a signiﬁcant disruptive effect
upon gel phase zwitterionic phospholipid vesicles [23] and is able to
partition into micelles of the surfactant polyoxyethylene-23-dodecyl
ether (C12E23) [24], and therefore despite the fact that the bilayers of
nonionic surfactant vesicles are neutral this should not present a
barrier to melittin interaction.
Although the main focus of this study is the use of melittin as a
probe of the putative peptide-repelling surface of the dialkyl
polyoxyethylene ether 2C18E12 and to compare this with its interaction
with lipid vesicles and SSL composed of lipids with saturated C18 acyl
chains (DSPC and DSPE.E44), in order to demonstrate the contribution
of the PEG polymer brush, related C18 monoalkyl polyoxyethylene
ether surfactants have also been studied. Since cholesterol is known to
play an important role in excluding melittin from the hydrophobic
core of phospholipid vesicles [25], its use as a bilayer stabiliser for
2C18E12 vesicles may have the side effect of providing a greater
contribution to peptide resistance than that of the surface polymer
brush. Monoalkyl polyoxyethylene surfactants with C18 hydrophobic
chains were studied in lieu of variants of 2C18E12 as they are
commercially available with a range of different polymer headgroup
lengths. Stearoyl polyoxyethylene ethers have a greater propensity to
form vesicles without the need for cholesterol than those with shorter
alkyl chains [26,27], however, in order to compensate for the likely
disordered state of their bilayers, mixtures of surfactants have been
used whereby incorporation of C18E2 has been employed as a spacer in
order to relax the lateral membrane tension created by surfactants
with larger headgroups.
2. Materials and methods
2.1. Materials
1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC) was obtained from Avanti
Polar Lipids (Alabaster AL, USA), cholesterol (Chol) was obtained from Fluka (UK) and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-
2000] (generally abbreviated to as DSPE.MPEG2000 but will be referred to in this
study as DSPE.E44, for consistency) was purchased from Shearwater Polymers (USA).
The dialkyl nonionic surfactant 1,2-di-O-octadecyl-rac-glyceryl-3-(ω-dodecaethylene
glycol) (2C18E12), was synthesized and characterised in the Pharmacy Department of
King's College London [28]. 1,2-Diacyl-sn-glycero-3-phosphocholine from egg yolk(EPC), together with the monoalkyl nonionic surfactants Brij 72 (polyoxyethylene-2-
stearoyl ether or C18E2), Brij 76 (polyoxyethylene-10-steraoyl ether or C18E10) and Brij 78
(polyoxyethylene-20-stearoyl ether or C18E20), were purchased from Sigma-Aldrich
(UK) and were used without further puriﬁcation. Mixed isomer 5(6) carboxyﬂuorescein
(CF), L-tryptophan, and synthetic honey bee melittin (GIGAVLKVLTTGLPALIS-
WIKRKRQQ) were also all obtained from Sigma-Aldrich (UK). The concentrations of
both L-tryptophan andmelittin solutions in 10 mM Tris–HCl buffer (AnalR®, BDH) were
determined by measuring their absorbance at 280 nm (molar extinction coefﬁcient
5560 M−1 cm−1). All other chemicals were of analytical grade and were used as
supplied.
2.2. Vesicle preparation and characterisation
Eight different vesicle formulations were prepared for this study; four containing
predominantly phospholipids and four containing nonionic surfactants. The four
phospholipid based vesicle formulations were (mol% of components shown in
parentheses); DSPC, DSPC:Chol (50:50), DSPC:DSPE.E44 (95:5) and DSPC:Chol:DSPE.
E44 (63:31:6). The four nonionic surfactant based vesicle formulations were; 2C18E12,
2C18E12:Chol (50:50), C18E2:C18E10 (50:50) and C18E2:C18E20 (50:50).
An estimation of the tendency for the nonionic surfactant mixtures to form bilayers
(and hence vesicles) was derived from the calculation of two parameters commonly
used to determine the relative inﬂuences of alkyl chains and polyoxyethylene
headgroups upon aggregate structure; the hydrophile–lipophile balance (HLB) value
and the critical packing parameter (CPP) [7]. The HLB values of the polyoxyethylene
ether surfactants were calculated by dividing the molecular weight percentage of their
ethylene oxide chains by ﬁve (Table 1), with mean values used for the mixtures [29].
Dispersions of polyoxyethylene alkyl ethers with HLB values of between 7.5 and 10.5
have been shown to form vesicles upon sonication [8]. The CPP for the surfactants
(Table 1) is deﬁned as the ratio of the hydrophobic chain volume (Vh) to the interfacial
area of the hydrophilic headgroup (A0) and the length of the hydrophobe (lh) as given
by: [30].
Vh=A0d lh: ð1Þ
The volume of the hydrophobe was calculated for each surfactant assuming the
volumes of their constituent -CH2 and -CH3 groups to be 55 Å3 and 27 Å3 respectively
[31]. The length of the C18 hydrophobe in each case, was taken to be 24.27 Å [32] and the
headgroup interfacial areawas calculated using the expression A0=1.56n+33.32 were n
is the number ethylene oxide units [33]. Taking the CPP of surfactant mixtures to be the
means of those of their constituents [34], values of between 0.5 and 1.0 are considered
to facilitate the formation of bilayers [30]. However, some allowance needs to be made
for the fact that the surfactants used in this study were not pure homologues, but would
more than likely contain signiﬁcant proportions of shorter and longer ethylene oxide
chains than the average [35].
For the purposes of characterisation, circular dichroism and steady-state
ﬂuorescence measurements, vesicles were prepared at an initial concentration of
4 mg ml−1 by solvation of thin ﬁlms of the various lipid/surfactant mixtures in 10 mM
Tris–HCl buffer (pH 7.4, osmolality 42 mOsm/kg H2O, measured by freezing-point
depression using an Advanced Instruments 3MO micro-osmometer). The resultant
suspensions were probe sonicated for 5 min at room temperature using a Soniprobe
(Lukas Dawe Ultrasonics, UK) ﬁtted with a tapered microtip, operating at 10% of total
power output. The dispersions formed were allowed to anneal at room temperature for
1 h, prior to use.
The vesicles for the dye efﬂux studies were prepared by solvating thin lipid/
surfactant ﬁlms in 40 mM 5(6) carboxyﬂuorescein (pH 7.4, osmolality 140 mOsm/kg
H2O), followed by probe sonication (as described above). After annealing, unentrapped
5(6) carboxyﬂuorescein was removed by passing 1 ml of the vesicle suspensions
through a Sephadex G25 PD10 desalting column (GEC Healthcare, UK), using 1 ml
aliquots of isosmolar 75 mM Tris–HCl (pH 7.4, osmolality 140 mOsm/kg H2O) as an
eluent. The majority of the vesicles, for each preparation, were eluted from the column
in fractions four and ﬁve, with each containing approximately 2 mg ml−1 lipid/
surfactant as determined by colorimetric assays using either ammonium ferrothiocya-
nate for phospholipid vesicles [36], or cobaltoammoniumthiocyanate for nonionic
surfactant vesicles [37] (results not shown). Vesicles eluted in fraction four were used in
the dye efﬂux experiments.
Fig. 1. Fluorescence emission spectra of the single tryptophan of melittin excited at
280 nm, recorded at 25 °C in 10 mM Tris–HCl buffer (pH 7.4) and upon incubation with
EPC vesicles, together with their mean spectrum. Fluorescence intensities measured at
324 nm from these spectra, were used to determine the percentage of melittin binding
to both lipid and surfactant vesicles, as described in the text.
Table 2
Summary of vesicle characterising size and zeta potential (ζ) data (n=5±SEM)
combined with the mean helical content (fH) of melittin incubated with those
vesicles as calculated from circular dichroism spectra (Fig. 3)
Vesicle type Diameter
(nm)
ζ (mV) Melittin
fH
Dye release
Kt (s)a
%CFma
DSPC 200.0±2.9 +1.0±1.5 0.15 9.36±0.15 32.9±0.1
DSPC:Chol 136.8±0.8 −0.1±4.0 0.14 135.70±15.53 28.1±1.9
DSPC:DSPE.E44 91.9±0.8 −18.6±4.3 0.68 78.61±1.18 44.0±0.3
DSPC:Chol:DSPE.
E44
140.1±1.0 −17.2±4.1 0.58 48.46±5.63 5.9±0.3
2C18E12 127.6±1.0 +1.0 ± 1.0 0.41 169.20±3.08 75.5±0.8
2C18E12:Chol 114.2±0.7 +1.9±2.1 0.18 11.75±1.10 2.2±0.1
C18E2:C18E10 279.9±2.0 −1.4±2.9 0.18 144.10±25.19 25.0±2.6
C18E2:C18E20 180.0±1.6 +1.9±5.3 0.64 14.03±0.72 64.8±0.6
The kinetic parameters for melittin-induced dye release; the maximum percentage
release (%CFm) and maximum release half-time (Kt), were obtained from the equations
for the rectangular hyperbola curves ﬁtted to the experimental data, as shown in Fig. 4.
a ±standard deviation as calculated using the non-linear regression tool in GraphPad
Prism® (version 4.0).
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photon correlation spectroscopy (PCS) and zeta potential measurements. Both particle
size analysis and zeta potential determination, were carried out at 25 °C using a
ZetaPlus particle sizer (Brookhaven Instruments Corp. USA) with a helium–neon laser
(λ 676 nm). Particle size was determined by measuring intensity of light scattered at a
ﬁxed angle of 90°, from vesicle samples containing 1 mg ml−1 total lipid or surfactant
concentration. Mean particle sizes were obtained from 10 runs, each being averaged for
30 s, for triplicate samples. Particle zeta potentials were obtained on the same samples,
from their electrophoretic mobility in a ~13 V cm−1 (~8.5 mA) electric ﬁeld by
measuring the intensity of scattered light at 15°. Mean values were obtained after ﬁve
runs each compiled from three stable readings of zeta potential.
2.3. Steady state ﬂuorescence measurements
Steady state ﬂuorescence measurements were performed on a Hitachi F4500
spectroﬂuorimeter (Hitachi, Tokyo, Japan), at 25 °C using a 2×10mmpath length Helma
(UK) QG quartz cell, oriented perpendicular to the excitation beam. Fluorescence
emission spectra were measured over the range 300–500 nm using an excitation
wavelength of 280 nm, a scan rate of 240 nm/min, a data interval of 0.6 nm and a
response time of 2.0 s. Excitation and emission slit widths of 5 nm were used for all
measurements. All samples were prepared in 10 mM Tris–HCl, and spectra were
recorded for both 6 μMmelittin and 6 μM L-tryptophan in the presence and absence of
vesicles, at a lipid:peptide (Ri) or lipid:tryptophanmolar ratio of 100. At an Ri of 100, the
binding of melittin to gel phase phosphatidylcholine vesicles may be assumed to be
maximal [20].
The spectra obtained from buffer only, were subtracted from those of both melittin
and L-tryptophan solutions. In order to compensate for the effects of light scattering by
the vesicles present in the other samples, a two-step correction process was employed.
Firstly, background emission spectra obtained from samples containing vesicles only,
were subtracted from those of the corresponding vesicle and melittin/tryptophan
samples. The effect of light scattering upon tryptophan ﬂuorescence intensity (ITrp) was
then determined by calculating the factor by which emitted light from L-tryptophan
decreased in intensity in the presence of speciﬁc vesicle types in suspension (ITrp ([V])).
Emission spectra obtained from vesicle samples with added melittin (Imel ([V])), were
multiplied by the appropriate tryptophan emission scattering factor, to give the
corrected value for ﬂuorescence intensity of the tryptophan of the peptide [38]:
Icorrectedmel V½ ð Þ = Imel V½ ð Þd
IbufferTrp
ITrp V½ ð Þ : ð2Þ
In order to determine the percentage of peptide bound to the various vesicle types,
ﬂuorescence spectra were also obtained for 6 μMmelittin and 6 μM L-tryptophan in the
presence of vesicles composed solely of egg phosphatidylcholine (EPC) at a lipid–
ﬂuorophoremolar ratio of 100. Taking the light scattering adjusted spectrum of melittin
in the presence of EPC vesicles to represent that expected for 100% bound peptide and
the spectrum of free melittin in buffer to represent 0% binding, a mean spectrum was
calculated to represent that expected for 50% binding of the peptide (Fig. 1). Assuming a
linear relationship between the corrected ﬂuorescence intensity at 324 nm (I324) and
percentage boundmelittin [38], allowed the determination of the proportion of peptide
bound to each of the vesicle types investigated.2.4. Circular dichroism measurements
CD spectra were obtained at 25 °C with an Applied Photophysics Chirascan
spectropolarimeter (Applied Photophysics, Leatherhead, UK). For each sample, melittin
was added to vesicle suspensions in 10 mM Tris–HCl buffer (pH 7.4) to give a peptide
concentration of 6 μM and an Ri of 100. A Suprasil 1.0 mm pathlength rectangular cell
was used and spectra were measured over the wavelength range 260–190 nm, with a
spectral bandwidth of 1 nm, 0.5 nm stepsize and 3.0 s time-per-point.
The buffer baseline corrected spectra were smoothed using the Savitsky–Golay
method with a window size factor of eight. The spectra were then converted from
millidegrees into mean molar residue ellipticities [θ] using the expression [θ]=100
(θobs)/Nlc, were θobs is the ellipticity value measured by the instrument (in mdeg), l is
the cell path length (in cm), c is the peptide concentration (in mM) and N is the number
of residues in the peptide (26 for melittin) [39]. The mean helical content (fH) for each
spectrum was calculated using the following equation [40]:
fH =
h½ 222− h½ C
 
h½ H− h½ C
  ð3Þ
where [θ]222 is the mean molar residue ellipticity of the spectrummeasured at 222 nm,
and the terms [θ]C and [θ]H correspond to the theoretical mean residue ellipticities for
random coil (0% helix) and complete helix (100%) respectively. The values of [θ]C and
[θ]H are temperature dependent and were calculated using the following expressions
[41]:
h½ C = 2220−53T ð4Þ
h½ H = −44000 + 250Tð Þ 1−3=Nrð Þ: ð5Þ
Where T is the temperature in centigrade and Nr is the number of residues in the
peptide. For these experiments, [θ]C was calculated to be 895 deg cm2 dmol−1 and the
[θ]H value for melittin was calculated to be −33393 deg cm2 dmol−1 (at 25 °C).
2.5. Carboxyﬂuorescein dye release
Measurements of 5(6) carboxyﬂuorescein efﬂux from vesicles in 75 mM Tris–HCl
buffer (pH 7.4) with and without melittin were performed on a Hitachi F4500
spectroﬂuorimeter (Hitachi, Tokyo, Japan), at 25 °C using a 1 cm path length Helma (UK)
QG quartz cell. Three separate measurements of ﬂuorescence intensity emitted at
515 nm (excitation at 490 nm) were recorded for each sample, with the excitation and
emission slit widths set at 5.0 nm. The mean ﬂuorescence of intact vesicles (Fo) was
determined by the measurement of emission from a continually stirred 2 ml volume of
vesicle suspension (at a lipid/surfactant concentration of ~0.3 mM) in buffer over a
5 min period. This procedure was also conducted to ensure that therewas no signiﬁcant
efﬂux of dye from the vesicles over the time course of the experiment. The ﬂuorescence
of 5(6) carboxyﬂuorescein from fully disrupted vesicles (F∞) was obtained bymeasuring
the emitted light intensities of dye-loaded vesicle suspensions after direct addition of
the detergent sodium deoxycholate, resulting in a total [lipid/surfactant] of ~0.3 mM
lipid/surfactant in 0.5% w/v solution of detergent, with a total volume of 2 ml. Release of
dye in response to the addition of melittin (F) was determined by recording changes in
the ﬂuorescence intensity of dye-loaded vesicle suspensions of ~0.3 mM lipid/
surfactant in a continually stirred cell over a time period of 160 s after addition of the
peptide (giving an Ri of ~100 in a total volume of 2 ml). The melittin was added to the
vesicles in the quartz cell, in order to minimise the effects of peptide adsorption to the
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normalised by calculating the percentage release of dye over the time course of the
experiment (%CFt), using the function:
kCFt =
F−Foð Þ
Fl−Foð Þ  100: ð6Þ
Kinetic parameters for the release of dye from the various vesicles were obtained by
ﬁtting the release proﬁles with a single-rectangular hyperbola curve using the non-
linear regression tool in the GraphPad Prism® (version 4.0) software package. The
percentage release of dye over time was thus described by the following equation:
dkCF
dt
=
kCFm  t
Kt + t
ð7Þ
where %CFm is the maximum percentage of dye released and Kt is the time necessary to
achieve half of the maximum release.
3. Results
3.1. Vesicle characterisation
Sonication of the various lipid and surfactant mixtures under the
same conditions produced colloidal dispersions with a wide range of
hydrodynamic diameters, as measured by PCS (Table 2). For the
dispersions containing DSPC, deemed to be vesicular by virtue of their
ability to entrap 40 mM 5(6) carboxyﬂuorescein, vesicle diameter was
reduced either by the addition of cholesterol or DSPE.E44 with the
greatest effect being observed upon the introduction of the pegylated
lipid. In the case of DSPE.E44-containing vesicles thismay be due to the
stabilising effect of the surface polymer chains, preventing possible
vesicle aggregation which in turn could have resulted in a misleading
size measurement for the DSPC vesicles. The apparent size reducing
effects of cholesterol and DSPE.E44 were not shown to be synergistic in
the three component phospholipid vesicles, since these were of
equivalent size to those containing just DSPC and cholesterol. The
reasons for this are unclear. Since sonicationwas carried out for 5 min
at room temperature, the sizes of the vesicles obtained are not
minimal, which makes direct comparisons difﬁcult to interpret. For
the nonionic surfactant dispersions, which were also all shown to
entrap 40 mM 5(6) carboxyﬂuorescein, the dialkyl surfactant vesicles
were found to be consistently smaller than those containing
monoalkyl surfactants. Addition of cholesterol to 2C18E12 vesicles
appeared to elicit a small decrease in diameter upon sonication. This
may have been due in part to a cholesterol-induced exclusion of
polymer from the hydrophobic region of the bilayer [16]. As with the
phospholipid vesicles, however interpretation of these measured size
differences is limited by the fact that sonication of the vesicles was not
extensive and thus would not have produced minimal sized particles.
The results of zeta potential measurements (Table 2) carried out
upon the various phospholipid and nonionic surfactant vesicles, showTable 3
Fluorescence emission peak wavelength (λmax), intensity (I0) and peak half-width (Γ) data o
Vesicle type λmax (nm) I0
Mel 352.8±0.8 887.9±1.1
Mel+EPC 332.0±1.2 1584.8±0.7
Mean spectruma 338.4 1130.1
Mel+DSPC 351.2±1.2 963.4±0.4
Mel+DSPC:Chol 352.8±0.8 939.1±1.5
Mel+DSPC:DSPE.E44 335.2±0.7 1368.3±0.9
Mel+DSPC:Chol:DSPE.E44 340.0±0.6 1129.0±0.7
Mel+2C18E12 344.8±0.8 1073.7±0.8
Mel+2C18E12:Chol 348.0±0.6 1057.3±1.8
Mel+C18E2:C18E10 349.6±0.6 1039.8±0.7
Mel+C18E2:C18E20 336.8±0.6 1285.7±0.5
The amount of bound peptidewas calculated assuming a linear relationship between ﬂuoresc
Mel+EPC spectra represents 50% peptide binding). Standard deviations were calculated fro
aDetermined from the mean spectra shown in Figs. 1 and 2.that those containing only zwitterionic and nonionic components
possessed mean zeta potentials between +2 and −2 mV. These values
correspond with those of similarly composed colloidal systems and
may be considered to be uncharged [43]. For phospholipid vesicles
containing DSPE.E44, the presence of the monovalent anionic
phosphodiester in the headgroup of this lipid, conferred a measurable
negative charge upon them, of similar magnitude to that previously
reported for vesicles of equivalent composition [43].
3.2. Intrinsic ﬂuorescence of melittin
The intrinsic ﬂuorescence of melittin, conferred by its single
tryptophan residue, was used to determine the degree to which the
peptide bound to the various vesicles studied (Table 3). Two
parameters obtained from the ﬂuorescence emission spectra of
melittin incubated with the phospholipid and nonionic surfactant
vesicles, were used to assess the change in the polarity of the
tryptophan environment [44], these being the wavelength of the
maximum emission (λmax) and spectral half-width (Γ), with the
intensity at 324 nm (I324) being used to estimate the degree of peptide
binding to vesicle membranes. For melittin in 10 mM Tris–HCl buffer,
λmax (Table 3) was found to be ∼352 nm (Figs. 1 and 2), indicating that
the tryptophan was fully exposed to the aqueous environment, with
none of the shielding which may be expected from the formation of
peptide aggregates [45]. With the addition of vesicles composed of
EPC, at a lipid:peptide ratio of 100, a blue-shift in λmax was observed,
to 332 nm, indicating a signiﬁcant change in the polarity of the
tryptophan environment, as the peptides achieved “maximal”
partitioning into the vesicle bilayers (Fig. 1) [20,38], This shift in
λmax upon peptide binding to EPC vesicles was accompanied by a
narrowing of the spectral half-width from 59.2 nm to 52.2 nm, which
is again indicative of the tryptophan being shielded from the bulk
aqueous phase [38,44].
The emission spectra for melittin incubated with DSPC and DSPC:
Chol vesicles showed little deviation from that of the free peptide in
solution (Fig. 2A). Both the λmax and Γ values, which remain almost
identical to those observed for free melittin in buffer, suggest that
little or no peptide was bound to these vesicle membranes.
Incorporation of 5 mol% DSPE.E44 into DSPC vesicles (Fig. 2B),
however, facilitated peptide partitioning, with ∼68% melittin binding
as evidenced by the blue-shift in λmax and increased intensity at
324 nm. The slight broadening of the spectral half-width observed
may be an indication of the presence of un-bound melittin in the bulk
phase (although the increase in Γ from that of melittin with EPC
vesicles is only slight). Incorporation of cholesterol to produce the
three component DSPC:Chol:DSPE.E44 vesicles, had amarked effect on
emission spectrum characteristics, the blue-shift in λmax and the
increased I324 being of a lesser magnitude than was observed forbtained from spectra of melittin (Mel) incubated with various vesicle types
Γ (nm)a I324 % bindinga
59.2 353.6±13.3 0
52.2 1510.7±2.4 100
58.6 932.2 50
59.2 425.5±11.9 6
59.2 354.2±9.1 0
52.8 1145.8±14.9 68
59.0 848.8±13.4 43
59.2 668.1±13.9 27
59.2 551.3±13.5 17
59.2 522.3±13.7 15
52.8 1035.8±10.5 59
ence intensity at 324 nm (I324) and percentage binding (i.e. that themean of theMel and
m 8 individual spectra.
Fig. 2. Fluorescence emission spectra of the single tryptophan of melittin excited at 280 nm, recorded at 25 °C in 10 mM Tris–HCl buffer (pH 7.4) and upon incubation with (A)
phospholipid vesicles (DSPC and DSPC:Chol [50:50]), (B) long-circulating phospholipid vesicles (DSPC:DSPE.E44 [95:5] and DSPC:Chol:DSPE.E44 [63:31:6]), (C) dialkyl
polyoxyethylene ether surfactant vesicles (2C18E12 and 2C18E12:Chol [50:50]) and (D) monoalkyl polyoxyethylene ether surfactant vesicles (C18E2:C18E10 [50:50] and C18E2:C18E20
[50:50]). For each sample the molar ratio of lipid:peptide was 100.
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additionally, the broadening of the tryptophan spectral half-width is
further evidence of an increase in the proportion of free peptide
compared to bound [38].
In the case of the dialkyl polyoxyethylene ether surfactant vesicles
(Fig. 2C), the magnitude of the melittin tryptophan blue-shift in λmax
and increase in I324 observed in samples with andwithout cholesterol,
suggest a more or less equivalent degree of peptide binding, although
it appears that the inclusion of sterol resulted in a slight attenuation
(Table 3). In both cases, despite zeta potentials equivalent to those
observed for DSPC and DSPC:Chol vesicles (Table 2), the neutral
nonionic surfactant vesicles appear to have a slightly greater afﬁnity
for melittin than those containing only zwitterionic phospholipid
(with or without cholesterol). More conspicuous differences in
peptide–vesicle interaction were observed for the monoalkyl surfac-
tant vesicles (Fig. 2D). When comparing the spectra obtained from
melittin incubated with C18E2:C18E10 and C18E2:C18E20 vesicles,
increasing the length of the polymer headgroup of the second
surfactant resulted in a four-fold increase in peptide partitioning
into the vesicle membrane (Table 2).
3.3. Circular dichroism measurements
Since the secondary structure adopted by melittin upon aggrega-
tion in solution and partitioning into lipid membranes is predomi-
nantly α-helix [46], the CD spectra of melittin incubated with both
phospholipid and nonionic surfactant vesicles (Fig. 3) were used toquantify the peptide–vesicle interaction by calculating the mean
helical content (fH) (Table 2) as described in theMaterials andmethods
section. Basing the calculation for the mean helical content upon the
ellipticity value at 222 nm, rather than on the whole spectrum, goes
some way to compensating for possible spectral distortions caused by
the presence of light scattering vesicles. The CD spectraweremeasured
at a low concentration and short pathlength thus reducing the effect of
light scattering effect in the 260–230 nm region; UV absorption was
below0.1 (results not shown). Light scatteringmay have contributed to
spectral distortion between the 230 and 190 nm region where UV
absorption was higher. However, UV absorption was maintained
between A=0.8 and 1.2, below 230 nm, and may thus be considered
to have little effect upon the integrity of the spectra. The negative peak
of the ellipticity for melittin in Tris–HCl buffer alone at 222 nm was
−3400 deg cm2/dmol giving an fH value of 0.12, which corresponds
well with those previously reported for non-aggregated free melittin
[21,47]. Mean ellipticities of melittin incubated with the various
vesicles are likely to have been affected by light scattering (especially
for the slightly turbid DSPC-containing samples) and the presence of
cholesterol. Vesicles containing cholesterol were found to have a
negative CD peak at ∼210 nm a feature not present in the background
CD spectra obtained from vesicles without melittin (data not shown).
However, since the CD of cholesterol containing vesicles was zero at
222 nm, and all the spectra were baseline corrected, the cholesterol
spectrum is unlikely to have affected the fH calculation.
For the vesicles composed of DSPCwith andwithout cholesterol, fH
values were little different to that calculated for free melittin,
Fig. 3. Circular dichroism spectra of melittin recorded at 25 °C in 10 mM Tris–HCl buffer (pH 7.4) and upon incubation with (A) phospholipid vesicles (DSPC and DSPC:Chol [50:50]),
(B) long-circulating phospholipid vesicles (DSPC:DSPE.E44 [95:5] and DSPC:Chol:DSPE.E44 [63:31:6]), (C) dialkyl polyoxyethylene ether surfactant vesicles (2C18E12 and 2C18E12:Chol
[50:50]) and (D) monoalkyl polyoxyethylene ether surfactant vesicles (C18E2:C18E10 [50:50] and C18E2:C18E20 [50:50]). For each sample the peptide concentration was 6 μl and the
molar ratio of lipid:peptide was 100.
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For vesicles containing DSPE.E44, however, the melittin CD spectra
exhibited the typical characteristics of α-helix formation, a broad
negative peek with separate minima at 208 and 222 nm and a positive
maximum at 195 nm [40]. The fH values for DSPC:DSPE.E44 and DSPC:
Chol:DSPE.E44 vesicles were 0.68 and 0.58 respectively, suggesting a
greatly increased afﬁnity for the peptide, which readily partitioned
into their membranes and was able to fold, despite the presence of
long saturated acyl chains and in the latter case, cholesterol. The most
obvious assumptionwhich can be made about these results is that it is
the presence of anionic charge on the DSPE.E44-containing vesicles
which is driving this impressive interaction with the cationic melittin
[48]. Any possible role of the tethered polyethylene glycol polymer
itself upon augmenting the melittin–vesicle interaction is, on the
other hand, not at all evident from these results.
Vesicles composed of 2C18E12 alone show a signiﬁcant interaction
with melittin, which is able to partition into and fold into α-helix,
with quite strong afﬁnity, within the membranes of these vesicles,
with an fH value of 0.41. Incorporation of 50 mol% cholesterol into
these vesicles has the effect of decreasing the fH value by more than
half, possibly through exclusion of some peptide molecules from the
hydrophobic bilayer core. Here again, the role of the polymer is not as
clear as that of the sterol. 2C18E12 vesicles have been shown to have a
highly disordered bilayer structure with a great deal of intermixing
between the headgroup and hydrophobic regions, which is greatly
reduced by incorporation of cholesterol [16]. Such disordering of thesurfactant bilayersmay allowhydrophobic interaction betweenmelittin
and the neutral membrane surface [49], resulting in peptide partition-
ing and folding. In the case of themonoalkyl surfactant vesicles,melittin
was able to partition and fold quite readily, in the presence of C18E2:
C18E20 vesicles, giving an fH comparable to that calculated for DSPC:
DSPE.E44. As with the 2C18E12 vesicles, this interaction is most likely to
be driven by hydrophobic forces. Replacing C18E20 with C18E10, however,
reduced the amount of α-helical peptide four fold (fH 0.18) which
resembles the effect of cholesterol incorporation into the 2C18E12
vesicles.
3.4. Carboxyﬂuorescein dye release
For each of the vesicle types examined, there was no spontaneous
leakage of carboxyﬂuorescein dye detected from samples left
unexposed to melittin, and addition of sodium deoxycholate resulted
in a signiﬁcant increase in ﬂuorescence intensity, as vesicle mem-
branes were solubilised by the detergent. Fig. 4 shows the proﬁles for
release of entrapped dye from vesicles, upon addition of melittin,
together with the ﬁtted non-linear regression curves describing
rectangular hyperbolae (Eq. (7)). For each of the ﬁtted curves, the R2
values were ≥9.60 and represent a closer ﬁt to the experimental data
than that achieved using other non-linear models, which is consistent
with a previous study of melittin-induced dye release kinetics from
phospholipid vesicles [50]. For each of the vesicle types investigated,
the kinetic parameters representing the maximum percentage CF
Fig. 4. Release proﬁles showing the leakage of 5(6) carboxyﬂuorescein from (A) phospholipid vesicles (DSPC and DSPC:Chol [50:50]), (B) long-circulating phospholipid vesicles (DSPC:
DSPE.E44 [95:5] and DSPC:Chol:DSPE.E44 [63:31:6]), (C) dialkyl polyoxyethylene ether surfactant vesicles (2C18E12 and 2C18E12:Chol [50:50]) and (D) monoalkyl polyoxyethylene
ether surfactant vesicles (C18E2:C18E10 [50:50] and C18E2:C18E20 [50:50]), in response to the addition of melittin at a lipid:peptide ratio of 100. The points are plotted from mean
experimental data (n=3±s.d.) and the solid lines represent the curves ﬁtted by non-linear regression analysis, describing rectangular hyperbola.
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release (Kt), obtained from the ﬁtted regression curves, are shown in
Table 2.
For the phospholipid vesicles, the effect on melittin-induced
leakage from both cholesterol and pegylated lipid incorporation
were clearly observable. Addition of cholesterol to DSPC vesicles had
little effect on the %CFm induced by the peptide, which was calculated
to be ~30% for both sterol-containing and sterol-free vesicles.
However, cholesterol incorporation dramatically reduced the rate of
dye release, as Kt for the DSPC vesicles was ~14 times lower than was
calculated for those containing the sterol. Incorporation of 5 mol%
DSPE.E44 into DSPC vesicles gave a melittin-induced release proﬁle
with a calculated %CFm higher than that of vesicles composed of DSPC
alone (44%). However, the rate of dye release from the DSPE.E44-
containing vesicles was reduced, since the Kt value was ~8 times
lower than that calculated for vesicles with phospholipid only. The
greatest attenuation of melittin-induced leakage, was observed for
DSPC:Chol:DSPE.E44 vesicles, whose calculated %CFm was ~6%, the
lowest amongst all the phospholipid vesicles.
The incorporation of cholesterol into 2C18E12 vesicles had an
inhibitory effect upon melittin-induced dye leakage, similar to that
observed for DSPE.E44-containing vesicles, with a ~15 times reduction
in calculated Kt. It is interesting to note that the dye efﬂux proﬁle for
the neutral 2C18E12 vesicles was more similar to that of the anionic
DSPC:DSPE.E44 vesicles, than that obtained for the neutral DSPC ones.
It is therefore tempting to assume that this indicates a similarity in the
mechanism of peptide-induced membrane disruption between2C18E12 and the peg–lipid vesicles. The vesicles composed of the two
monoalkyl surfactants with respectively the shortest and the longest
PEG chains, C18E2 and C18E20, exhibited a dye release proﬁle similar to
that of DSPC vesicles, with a correspondingly similar Kt of ~14 s.
Substitution of C18E20 with the shorter-chained C18E10, resulted in a
ten fold reduction in the rate of maximal dye release, as evidenced by
the differences in their respective calculated Kt values, and thus
appears to have elicited a similar effect to that of the addition of
cholesterol to 2C18E12 vesicles.
4. Discussion
The results presented in this study show that, as is known to be the
case for phospholipid vesicles, the propensity for melittin to associate
with and thus disturb the membrane integrity of nonionic surfactant
vesicles may be regulated by changing their interfacial properties. Not
only do the possession of a negative surface charge and altered
membrane rigidity via cholesterol incorporation [25,50] play impor-
tant roles, but also, speciﬁcally in the case of nonionic surfactant
vesicles, molecular packing related to the in-plane order of the bilayer
has a signiﬁcant effects in modulating peptide interaction.
4.1. Melittin interactions with phospholipid vesicles
The use of DSPC to make the control neutral lipid vesicles (chosen
primarily as a comparator for the fully-saturated alkyl chains of
2C18E12) provides an interesting illustration of the role of the weakly
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DSPC cannot be regarded as providing a full positive control for
melittin activity, since melittin has a greater afﬁnity for ﬂuid phase
lipid vesicles [23] such as those composed of DOPC or EPC which are
commonly used in peptide interaction studies involving SSL [22,51].
This is demonstrated by the intrinsic ﬂuorescence results (Figs. 1 and
2) which closely resemble those of a previous study, showing a more
pronounced blue-shift in peak emissionwith EPC than DSPC [45]. This
fact makes the differences observed in the tryptophan ﬂuorescence
and CD results between DSPC vesicles and SSL all the more startling,
since, with both these techniques, DSPC vesicles do not seem to
require peptide-attenuating cholesterol [25] to resist interaction with
melittin, whereas inclusion of pegylated DSPE markedly promotes
peptide partitioning and folding. These ﬁndings raise a number of
issues which need to be addressed concerning not only the roles of the
individual components (DSPC, cholesterol and DSPE.E44) in facilitating
or inhibiting melittin interaction but also the apparent incongruity
between the results observed for DSPC vesicles using both steady-
state ﬂuorescence and CD, and those showing the evolution of dye
leakage over time.
The results of the dye release experiments for DSPC are consistent
with what has been described as all-or-nothing release, where those
vesicles in contact with the melittin after its addition, readily interact
with it and release all their contents through pores formed in their
membranes [42]. What is surprising about this is that there is no
indication of such a strong interaction between DSPC and melittin
from the tryptophan ﬂuorescence and CD data, on the contrary, these
imply little or no interaction takes place. It could be argued that since
the peptide is added to the vesicle suspension in the dye release
experiments, the theoretical Ri of 100 is irrelevant, since no matter
how fast the rate of stirring, at the point of addition, a transient locally
low Ri would induce rapid interaction, whereby a small proportion of
the vesicles would associate with the majority of the peptide [52].
However, the samples used for all three techniques were prepared in
the same fashion, with peptide being added to vesicle suspensions and
so, any local concentration dependent detergent-like effect [23] would
be detected by the ﬂuorescence and CD techniques, unless (as seems
unlikely) it were rapidly reversible. A more plausible explanation for
the discrepancy between the dye efﬂux and binding or CD results is
that the increased ionic strength of the buffer used for the leakage
experiments encouraged melittin partitioning into the vesicles, aided
by the locally high concentration of peptide at the point of addition.
Although this phenomenon has not been previously reported for
melittin, it has been observed that for the smaller cationic membrane-
active peptide mastoparan (14-mer), raising the ionic strength of the
bulk, increases the partition coefﬁcient of the peptide when incubated
with phosphatidylcholine vesicles [53]. One serendipitous outcome of
the apparently enhanced DSPC afﬁnity of melittin incubated in the
higher buffer concentration is that the attenuating effect of cholesterol
inclusion is much more evident from the dye leakage experiments,
than from either the binding or CD results.
One inference which can be drawn unequivocally about phospho-
lipid vesicles, from the results from each of the techniques used is that
the presence of DSPE.E44 encourages the interactionwithmelittin. In a
previous study by Rex et al. [22] the effect on melittin partitioning of
pegylated PE lipids incorporated into ﬂuid phase POPC vesicles,
showed that although the peptide had a greater afﬁnity for the SSL at
low Ri, at Ri =100, there was an equivalent amount of peptide bound to
both pegylated and PEG free vesicles. Here we show that in gel phase
DSPC vesicles, which in 10 mM Tris–HCl buffer apparently binds a
relatively insigniﬁcant amount of melittin, the presence of 5 mol%
DSPE.E44 results in a 10-fold increase in peptide binding at Ri =100,
with a similar increase in peptide folding also observed. One
explanation for this would certainly be the change in surface charge
of the vesicles, whereby the cationic melittin is attracted to the surface
by the presence of the anionic DSPE.E44 [43]. The presence of PEGchains on the surface of SSL is thought to mask the zeta potential by
effectively extending the plane of shear away from the vesicle surface
[54]. The relatively modest difference in zeta potentials measured
between the “neutral” DSPC and the DSPE.E44-containing vesicles
(only about −20 mV), is therefore unlikely to provide a true
representation of the relative electrostatic properties of their surfaces.
The masking of the zeta potential exhibited by SSL is not accompanied
by a similar reduction in surface potential, and therefore they
maintain a signiﬁcant attraction for cationic peptides such as melittin
[43]. Once partitioned and folded into the SSL bilayer, the peptides
may remain anchored in the outer leaﬂet held by the same
electrostatic interaction which facilitated their initial attraction to
that surface [50].
The presence of the long polymer chains of the DSPE.E44
headgroups and the repulsive steric forces which exist between
them, the formation of a toroidal pore, whereby the peptide remains
associated with the anionic lipid whilst re-orienting to lie perpendi-
cular to the plane of the bilayer, has been considered to be
energetically unfavourable [51]. The interaction of one DSPE.E44
molecule with one melittin molecule is not sufﬁcient however, to
neutralise the entire charge on the peptide since it contains 5 basic
amino acid residues. Thus, electrostatic forces generated by melittin
within the outer leaﬂet, attempting to recruit the anionic lipid
molecules into the formation of a domain, would be opposed by an
increase in repulsive steric forces between approaching PEG chains.
The net effect would thus be to increase lateral pressure within the
bilayer, causing a perturbation which would elicit leakage of the
vesicle contents. The loss of vesicle contents through such a
perturbation of the outer leaﬂet, may explain why leakage of dye
from SSL is more gradual than the all-or-nothing release observed
with the DSPC vesicles which is indicative of pore formation [42].
The results for SSL with cholesterol show signiﬁcant binding and
folding of the peptide, with reduced dye efﬂux rate compared with
sterol-free SSL. Thus, even the presence of 30 mol% cholesterol, which
has previously been shown to signiﬁcantly reduce the amount of
melittin binding to ﬂuid phase lipid vesicles [20,25], is not sufﬁcient to
counteract the effect of the DSPE.E44. The most signiﬁcant effect of
cholesterol incorporation into SSL is its attenuating effect on dye
efﬂux. Bearing in mind that the ionic strength of the 75 mM Tris–HCl
buffer used in these studies may have promoted melittin partitioning
above the level detected by the binding and CD experiments, the 8-
fold decrease in calculated %CFm upon sterol addition to SSL is
impressive. Since cholesterol is reputed to increase the in-plane
cohesiveness of lipid bilayer [55], it may well serve to prevent packing
perturbations caused by the presence of peptide in the outer leaﬂet of
the SSL being communicated to the inner leaﬂet, thereby greatly
reducing, but not abolishing leakage.
4.2. Melittin interactions with nonionic surfactant vesicles
In contrast with SSL any afﬁnity between melittin and nonionic
surfactant aggregates must arise from hydrophobic interactions, due
to their electrically neutral nature [56]. Since the magnitude of such
interactions would be augmented by some exposure of the hydro-
phobic core of the surfactant aggregate to the aqueous bulk [34], the
ability of melittin to partition into the aggregates is likely to be
dependent upon the relative strengths of competing forces; the
attractive hydrophobic forces emerging via defects in molecular
packing and the repulsive steric forces conferred by the interfacial
properties of the polymer-coated surfaces. The question remains,
which of these two factors exerts the greatest inﬂuence (if any at all)
upon the ability of nonionic surfactant vesicles to resist interaction
with melittin.
Comparing the ﬂuorescence and CD data for melittin incubated
with 2C18E12 and DSPC vesicles, shows that even though both vesicles
have a neutral zeta potential and the alkyl chains of each are in the gel
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inﬂuence upon their interactionwith the peptide. In contrast to DSPC,
the nonionic surfactant vesicles show a greater afﬁnity for the peptide,
which is able to partition into the surfactant bilayer and fold into α-
helices. Regarded in isolation, such an observation suggests that not
only does the dense polymer brush on the surface of 2C18E12 vesicles
fail to impart resistance to melittin, but that it actually encourages
interaction between the two. However, 2C18E12 vesicles are reported
to possess highly disordered bilayers [16], with signiﬁcant intermixing
between the hydrophilic polymer headgroups and the surfactant
hydrophobe [12]. This disordering of the bilayer is likely to lead to
exposure of the hydrophobic core and hence facilitate interactionwith
melittin. Intrusion of PEG into the hydrophobic region of the bilayer
[58] could dehydrate the polymer at the interface, thus weakening the
repulsive steric effect [17] and contributing to an enhanced interaction
with melittin. The dye release proﬁle for 2C18E12 shows a gradual
leakage of the vesicle contents and which suggests that partitioned
melittin causes further perturbation of the bilayer, which elicits the
dye release. As to whether this perturbation takes the form of discrete
pores in the membrane, as suggested earlier for DSPC vesicles, it is not
possible to be certain from the data presented here. As there is no
charge to anchor the peptide in the outer leaﬂet (or what might pass
for an outer leaﬂet in such a disordered system) there would
theoretically be no barrier to the formation of pores, however, their
presence may be masked by the ability of interfacial PEG to effectively
form a plug [51].
The addition of 50 mol% cholesterol to 2C18E12 vesicles attenuates
melittin partitioning, much more successfully than was observed for
the DSPC vesicles from the dye release results. However, given that
cholesterol improves the in-plane order of 2C18E12 bilayers by
reducing headgroup and hydrophobe intermixing [16], the fact that
there remains a measurable amount of bound melittin, which was not
observed with DSPC:Chol vesicles, casts doubt on the ability of both
the interfacial PEG and 50 mol% cholesterol content to provide an
effective barrier to peptide partitioning. One possible explanation lies
in the non-ideal mixing of 2C18E12 and cholesterol, which may allow
the formation of surfactant rich domains in which packing ﬂaws, and
hence hydrophobic core exposure, may still be present [16]. Increasing
the proportion of cholesterol incorporated into 2C18E12 vesicles may
remedy this and thus elicit an improved resistance to peptide
partitioning.
The results showing the extent of melittin interaction with the
twomixedmonoalkyl surfactant vesicle types shed some light upon a
resolution to the issue of the relative contributions of steric forces
from the polymer brush and improved in-plane bilayer ordering, in
facilitating resistance to peptide partitioning. The C18E2:C18E20
vesicles serve as a positive control, which readily interact with
melittin, rapidly releasing their dye payload. Due to the length of the
C18E20 headgroup, these vesicles may be expected to possess highly
disordered bilayers which encourage peptide portioning through
hydrophobic interactions. Again, rather like the 2C18E12 vesicles, the
balance of forces is tipped in favour of hydrophobic attraction and
away from the steric repulsive effect of the surface polymer brush.
The shorter headgroups of the C18E2:C18E10 vesicles are likely to elicit
a reduction in lateral interaction between the PEG chains and as a
result reduce to some extent, the disorder of the bilayer. However,
some degree of bilayer disorder was probably present, as the dye
entrapment of the vesicles was low, but could be vastly improved by
incorporating a higher percentage of C18E2 (results not shown).
Despite this, the degree to which C18E2:C18E10 vesicles are able to
resist melittin partitioning is directly comparable to that of the
2C18E12:Chol vesicles. With no cholesterol present and at least some
degree of bilayer disorder, it seems likely that the partial resistance to
melittin exhibited by these vesicles is due to an “under brush” effect
[59] whereby the incorporated C18E2 molecules not only reduced
inter-polymer tension between the 2C18E10 molecules, but were alsoable to exert some steric force themselves because of their own
(albeit very short) PEG headgroup.
Garbuzenko et al. [43], have recently proposed that a possible
solution to the ability of small cationic peptides to interact with SSL,
lies in the replacement of anionic DSPE.E44, with an uncharged lipid-
like moiety such as distearoylglycerol acting as a membrane anchor
for the PEG (2C18E44). However, as was previously demonstrated by
Rex et al. [22], the PEG headgroups of neutral SSL containing 6 mol%
pegylated ceramide (Cer.E44) exhibited little inﬂuence upon the ability
of melittin to partition into their membranes. This would seem to
conﬁrm the proposition of Allende and McIntosh [60] that closer
packing between lipid molecules plays a larger role in neutral
membrane resistance to melittin interaction than any steric factors
conferred by the presence of long surface polymers, and therefore it is
the cholesterol content which confers the greater degree of protection.
The state of packing between molecules in nonionic surfactant
vesicles undoubtedly plays an important role in their tendency to
interact with cationic peptides such as melittin. However, the density
of their surface PEG chains also aids in peptide resistance, especially in
the absence of cholesterol, whereby very short PEG bearing
surfactants are able to act as spacers between molecules with longer
headgroups, creating an under brush effect. The optimisation of such
nonionic surfactant vesicles, with respect to spacer concentration and
entrapment capacity is a subject for further investigation, which may
yet yield vesicles which exhibit true steric resistance to small
membrane-active plasma components.
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